Background: Frying is the cooking of food in fat, which involves heat and mass transfer simultaneously. During frying, moisture loss creates cavities or pores as well as passageways in the food. These cavities are known as capillary pores and the oil penetrates through them during frying.
Introduction
Frying is one of the oldest cooking procedures. This preparation method has been widely used on a domestic and industrial scale because of its benefits, such as savory flavor, a particular color, and crispy texture of the fried products (1) . Fried foods also contain a high amount of fat. Although the consumers demand for low-or reduced-fat foods, the excess fat consumption is considered to heighten blood cholesterol, high blood pressure, and coronary heart disease. Therefore, there has been an intense interest in the reduction of oil absorption during deep-fat frying. For instance, several studies have been conducted on the optimization of frying conditions and the use of fat reducer agents, such as hydrocolloids in batter or as a coating on the surface of the product (2, 3) .
Hydrocolloids have been used as multifunctional additives in food processing to improve functional properties, such as viscosity, water-binding ability, and emulsion stability (4, 5) . Moreover, hydrocolloids are of special interest because they possess good barrier properties against oxygen, carbon dioxide, and lipids which could lessen oil absorption during deep-fat frying (6) . Batters and breading have roles including the improvement of food product's appearance, development of a crispiness texture, reduction of oil uptake during deep-fat frying, prevention of moisture loss, improvement of cohesion and film strength for adhesion to food surfaces, and shelf life extension of coated products (7) . Chitosan is a poly-β-(1→4) -125
is currently a field of interest because of its functional characteristics. Special functional properties include antimicrobial activity (8) , serum cholesterol-lowering ability (9) , antioxidant activity in muscle foods (8) , and emulsification (9) . In addition, chitosan cannot be digested and absorbed in the human intestine and therefore contributes to the benefits of dietary fiber (10) .
Cheese is a concentrated source of nutrients in milk and has been consumed as part of the human diet for thousands of years. Cheese contains important nutrients, such as calcium, protein, phosphorus, zinc, vitamin A, and vitamin B12. Khorasan Kurdish cheese is a traditional Iranian white cheese made from raw ewes' milk. Its production is limited to a part of the north-eastern, mountainous area of Iran. Kurdish cheese is nutritious and has a strong taste (11) .
Deep-fat frying involves simultaneous heat and mass transfer; therefore, it is necessary to have the knowledge of critical processing features for modeling processes (12) . However, there are several reports suggesting different models of changes in the physical properties of foods during frying. Several researchers have applied Fick's law of diffusion to model the water loss in fried products with a successful agreement between the experimental results and calculated values (13, 14) . The applicability of this model in water diffusion in solid materials defines an effective coefficient which is a global transport property that includes all the participating water transport mechanisms. However, in addition to diffusion, water could be transported through hydrodynamic gradients and capillary flow according to the material (15) . These reasons have not been probably represented by an effective coefficient of diffusion (14) .
However, to avoid oversimplifying this, it could be considered as the use of a variable coefficient of diffusion which considers the changes in physical properties of the material during frying (13) . On the other hand, several models have been postulated to predict oil absorption during frying. Ni and Datta (1999) proposed a multiphase model in porous media to study oil uptake kinetics in fried potato slices (16) . Moreover, Krokida et al. (2000) used first-order kinetic model of the oil content on French fries in which the rate constant relied on the major process variables, such as oil temperature, product width, and oil type (17) .
Dehghan Nasiri et al. (2010) performed mass transfer modeling during deep-fat frying of shrimp nuggets prepared without a pre-frying step (18) . Pedreschi et al. (2005) determined the kinetics of water loss and oil uptake during frying of pretreated potato slices under vacuum and atmospheric pressure (14) . With this background in mind, the present study aimed at evaluating the effect of chitosan on mass transfer during deep-fat frying of Kurdish cheese nuggets.
Materials and Methods

Sample preparation
Wheat flour, Kurdish cheese, sunflower oil, and other ingredients were purchased from a local market. A control batter was prepared by mixing wheat flour (90.8%), baking powder (3.1%), flavoring (pepper) (0.6%), and salt (5.5%). Chitosan (sigma, low molecular weight, USA) (0 (control), 0.5 and 1.5%) was replaced with the same amount of wheat flour to determine the effects of chitosan on deep-fat fried cheese nuggets. The water/dry mix proportion was always 1.2:1 (w/w). The temperature of the water before mixing was 20°C. The ingredients were mixed in a mixer (Moulinex, type BM4) for 2 min. The dimensions of the cheese nuggets were 4.5cm (diameter) ×1.5cm (thickness) ±0.2 cm. Cheese samples were immersed individually into the batter suspensions for 30 s and allowed to drip for 30 s and immediately coated with the breading material (19) .
Frying
Frying was performed in a thermostatically temperature-controlled fryer (Black and Decker, Type 01, USA) containing 1.5 L refined sunflower oil (Nina, Iran). Sunflower oil was chosen due to its high smoking point. The fresh oil was preheated for 1 h prior to normal frying. Four samples were placed in a wire basket and then submerged for 0, 1, 2, 3, and 4 min at 150, 170 and 190
• C. After each frying batch, the oil level was checked and the oil was replaced after 6 h frying time. Subsequently, the samples were allowed to drain for 30 s before being blotted gently with dry tissue paper to remove excess oil on the surface.
Moisture content analysis
The breading and core portions of the cheese nuggets were carefully separated by hand for moisture and oil content analysis (2) . Moisture content determination was performed according to AOAC (1990) procedure. The breading and core of a cheese nugget were separately dried in a conventional oven (Memmert, 154 Beschickung loading, Model 100-800, Germany) at 105°C for 24 h.
The samples were cooled in desiccators. Moisture content (db) was determined (20) -125
Eq1
Where, W and Wov indicate weight samples after and before putting in the oven and MC signifies the moisture content.
Oil extraction
Oil content was determined by the Soxhlet method using petroleum ether as outlined in AOAC official method 991.36 (21) . The dried samples were subsequently ground using a blender. The ground sample (2-4 g) was weighed with an electronic balance (TR-4102D, Denver Instrument Co., Denver, CO) and placed in a thimble. Oil was extracted in the solvent extractor using petroleum ether (extra pure) during a period of 6 h. The thimbles were then dried at 105°C for 60 min to remove residue solvent as well as moisture and were cooled in a desiccator prior to weighing.
Mathematical modeling
Several researchers have applied Fick's law of diffusion to model moisture transfer phenomenon in fried products since it provides a simplified picture of the water loss during frying with a successful agreement between experimental results and calculated values (13, 14, 15 and 22) . In this model, water diffusion in solid materials is defined as an effective coefficient which is a global transfer property that comprises all the participating water transport mechanisms (15) .
A solution of this equation for moisture loss was presented by Crank (1975) and shown for unlimited cylinder as (23):
Eq2
Where, Mr denotes the moisture ratio (dimensionless), Me signifies equilibrium moisture content (grams per gram, db), M0 indicates initial moisture content (grams per gram, db), Deff is effective diffusivity (square meters per second), t represents time (seconds), L is the thickness of the sample (meters), and k refers to the rate constant (per second).
Following equation determines the correlation between rate constant and effective moisture diffusivity:
Eq3
For oil uptake modeling, a first order kinetic model recommended by Krokida et al. (2000) was considered as follows (17):
Eq4
Where, Fc denotes the fat content (g/g, db), and C0 signifies the equilibrium fat content (g/g, db). The variation of the apparent diffusion coefficient (Deff) and equilibrium oil content (Oeq) with temperature was determined using an Arrhenius type equation (18)
Statistical analysis
Frying experiments were replicated three times under experimental condition. Data were analyzed using ANOVA to determine the significant effects of chitosan and frying temperature as well as time on quality parameters of the cheese nuggets. Moreover, MINITAB software (Version 14) was utilized to find out which parameters are significant for the specified quality parameter.
Duncan's multiple range test was applied to determine the difference among the means. P-value less than 0.5 was considered statistically significant. The fitting of the equations was performed using MATLAB (Mathworks, v7. 5.0, USA). The present study was extracted from a thesis with the code of AGFSCI231 affiliated to Mashhad University of Medical Sciences, Mashhad, Iran.
Results
Moisture content
The main effect of chitosan, frying time and temperature, and interaction between treatments were significant (P<0.05) on the breading and core moisture content of cheese nuggets. It is noteworthy that wheat flour and Kurdish cheese are characterized with Kurdish cheese ash (7.83), protein (36.23), oil (34.81) and wheat flour ash (0.65), protein (8.54), oil (1.32). Table 1 presents parts of ANOVA tables for moisture content and oil content of fried samples. The calculated mean moisture content as a function of frying time for breading and core parts of cheese nuggets fried at 190°C are presented in Figs. 1 (a ,b) , respectively. The mean values of the moisture content of the -125 Control: Untreated batter; ch0.5: Batter contains 0.5% chitosan; ch1.5: Batter contains 1.5% chitosan breading: Breading layer of Kurdish cheese nugget. Core: an internal portion of Kurdish cheese nugget breading and core portion of cheese nuggets in control samples decreased from 0.30 and 0.48 g/g (db) to 0.02 and 0.15 g/g (db) , respectively, at 190°C for 4 min (Fig. 1) .
Oil content
As it is shown in Fig. 2 , the batter-coated samples with 1.5% chitosan had the lowest oil content in core and breading among all formulations, while control samples had the highest oil content in the core and breading for the same frying times. Fig 2 displays 
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Control: Untreated batter; ch0.5: Batter contains 0.5% chitosan; ch1.5: Batter contains 1.5% chitosan. Breading: a breading layer of Kurdish cheese nugget. Core: an internal portion of Kurdish cheese nugget. higher than the core of cheese nugget. Accordingly, the mean values of oil content of the breading and core portion of cheese nuggets increased in control samples from 0.02 and 0.35 g/g (db) to 0.25 and 0.50 g/g (db), respectively, at 190°C for 4 min.
The batter formulation, and frying time, as well as temperature, had significant influence (P< 0.01) on the oil content of breading and core cheese nuggets (Fig 3) . There was an increase in oil uptake (core and breading) with an increase of frying temperature.
Diffusion modeling
The experimental moisture content data were fitted to the exponential model (Eq. 3). A nonlinear regression approach was used to estimate the best fit moisture diffusivity. Effective moisture diffusivity was determined from the rate constant (k). The model parameters for moisture diffusion in the core and breading for Kurdish cheese nuggets are shown in Table 2 . The effective moisture diffusivity of the breading and core portion ranged from 6.59 × 10 -9 to 14.19 × 10 -9 m 2 / s and 0.84 × 10 -9 to 1.38 × 10 -9 m2/s, respectively. The coefficient of determination (R 2 ) ranged between 0.75 and 0.98. As it is shown in Table 2 , the control samples have the highest Deff while batter-coated samples with 1.5% chitosan showed the lowest value.
Data on oil absorption rate constants, such as Kurdish cheese nuggets fried is not available in the Downloaded from jhst.bums.ac.ir at 6:36 IRDT on Saturday August 3rd 2019
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-125 literature. The constant rate (k) was obtained by fitting oil content data with Eq. 4. This parameter of the breading and core portion ranged from 0.93×10 -3 to 1.52 × 10 -3 m 2 / s and 0.65×10 -2 to 1.40×10 -2 m 2 /s, respectively. The coefficient of determination (R 2 ) was within the range of 0.75-0.94 (Table 3) . Moreover, the parameter of the breading and core portion ranged between 0.197 -0.273 s −1 and 0.222 -0.414 s −1 , respectively ( Table 3) .
The temperature dependency of the effective diffusivity coefficient for moisture and oil is shown by the Arrhenius expression (Eqs. 5 and 6, Table 4 ). The natural logarithm of the effective diffusivity was plotted against the reciprocal of the absolute temperature. The slope is equal to the ratio of activation energy and the universal gas constant. The activation energy of the Deff and Oeq for breading and the core portion of Kurdish cheese nuggets ranged from 7.71 to 16.11, -9.22 to -14.24 kJ/mol, 10.39 to 12.47, and 2.84 to 6.78 kJ/mol, respectively.
Discussion
Batter-coated cheese nuggets with 1.5% chitosan provided the highest moisture content for both the core and breading parts during frying. The decrease in moisture loss in batter-coated samples with 1.5% chitosan was lower than that in other samples. This can be attributed to the ability of chitosan to create film and maintain moisture. Chitosan dissolved in water through the formation of hydrogen bonds leading to the formation of gel (4). Consequently, high strong gel reduces damage caused by the evaporation and moisture emissions to surface nugget (4, 2) . This result is in agreement with the finding of a study conducted by Wu et al. (2000) . They reported that batter containing chitosan (2%) is effective in retarding moisture loss and lipid oxidation for precooked beef patties. In addition, chitosan increases consistency coefficient of batter which results in the increase of breading thickness and limited moisture transfer to the crust.
The breading and core moisture decreased at all frying temperatures with increasing frying time with an initial rapid fall in the first minute of frying, due to the rapid moisture loss from the breading portion and loss of the surface water in all samples. -125 different fried foods (2) . The second drying stage was due to the onset of moisture loss from the core portion of the cheese nuggets. This moisture transferred from the core had to pass across the breading layer.
The moisture content of deep-fat fried foods is an important factor in the determination of oil uptake. During frying, moisture loss creates cavities or pores as well as passageways in the food. These cavities are known as capillary pores and the oil penetrates through them during frying (1) . The slope of the oil content curve is sharper in breading, compared to the core. This illustrates that oil uptake in the breading is higher than that in the core of cheese nugget. Several studies have shown that oil uptake during deep-fat frying is localized in the breading. Moreover, oil tends to concentrate near edges, corners, and broken "slots" (8) . Therefore, frying time is an important factor in the amount of oil uptake.
In this study, oil absorption (core and breading) increased with frying time for all frying temperatures and all batter formulations. Ni and Datta (1999) reported that oil uptake was initially high, and then slowed down to become linear with time during deep-fat frying of potatoes (16) . The initial high rate of oil uptake was attributed to the large difference in oil concentration between the surrounding oil and the initial oil concentration in the food. There was an increase in oil uptake (core and breading) with an increase of frying temperature. Several studies were performed to examine the effect of frying temperature on the oil uptake. However, there is no complete agreement among the studies (14) . Other authors reported the association between higher oil uptake and increasing frying temperatures (17) .
Diffusion theory assumes that liquid moves through a solid body as a result of a concentration gradient. Due to the surrounding heating media, water evaporates from the food surface creating a diffusion gradient, driving inner water toward the surface, and thereby producing a continuous steam flow.
For materials with weak structure due to high water content and/or the absence of cell structure, liquid water transport can be so intense that liquid water escapes from the product surface without vaporization (1, 18) . The control samples had the highest Deff while batter-coated samples with 1.5% chitosan showed the lowest value, which may be associated with the ability of chitosan to form a film and maintain moisture.
Therefore (15) . The differences observed in the moisture diffusivities could be due to the effect of different batter formulation and different food substrates. Frying temperature presented a positive effect on the effective moisture diffusivities.
As it is shown, Deff increased with increasing oil temperature. The oil absorption rate constants depended on major process variables, such as oil temperature, type of the product, pre-treatment applied, frying conditions, and product width and oil type (14, 2) .
This The rate constant and equilibrium oil content (Oeq) increased with increasing frying temperature. This behavior contradicts the claimed fact that higher frying temperatures leads to lower oil absorption (14, 18 (24) . The negative activation energy values for moisture diffusion confirmed decreasing moisture distribution in the core of cheese nuggets with increasing temperature. This is due to the increased oil temperature which leads to the breading formation and thereby delaying the release of moisture from core to nugget surface. Furthermore, Adedeji et al. (2009) (2) .
Conclusion
This study investigated the effect of different batter formulation, frying temperature, and time on mass transfer of deep-fat fried Kurdish cheese nuggets. Moisture loss during frying increased with the increase of frying time and temperature and was significantly affected by batter formulation. The kinetic models gave a good fit for moisture diffusion and oil transfer. The Arrhenius plot showed the temperature dependency of mass diffusion in the product. Oil uptake increased with frying time and temperature and was significantly affected by batter formulation, frying time and temperature. Batter-coated samples with 1.5% chitosan had the lowest oil uptake at all frying temperature. The rate constant for oil uptake and equilibrium oil content increased with increasing frying temperature.
